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Caffeine is a widely used psychoactive substance. Studies have shown that caffeine
may play a protective role in aging-associated disorders. However, the mechanisms
by which caffeine modulates aging are not yet clear. In this study, we have shown
that caffeine increases Caenorhabditis elegans lifespan, delays its larval development,
reduces reproduction and body length. These phenotypes were partly reversed by
worm’s exposure to adenosine, which suggest a putative common target. Moreover,
they were dependent on a functional insulin/IGF-1-like pathway. Our results may shed
light on new genetic determinants of aging.
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INTRODUCTION
Caffeine is a psychoactive substance used worldwide (Fredholm, 2012). It is present in many
ordinary products like coffee, tea, soft drinks, chocolate and found in over-the-counter pills
(Fredholm et al., 1999; Fisone et al., 2004). Studies have projected that 70% of the adult population
consumes quantities of caffeine capable of affecting their behavior on a daily basis (Fredholm,
2012).
Pharmacodynamics of caffeine has been ascribed mainly to its nonselective antagonism of
adenosine receptors (Chen et al., 1999; Fredholm et al., 1999). At low levels, caffeine blocks all four
humans’ adenosine receptors (A1, A2A, A2B and A3; Chen et al., 1999). Most of its effects appears
to be dependent on interactions with A1 and A2A receptors and to a lesser extent, with A2B and A3
receptors (Chen et al., 1999; Fredholm et al., 1999). At higher concentrations, caffeine has looser
interactions and may disturb calcium release from intracellular stores, inhibit GABAA receptors,
the enzymes 5′-nucleotidase and alkaline phosphatase (Chen et al., 1999; Fredholm et al., 1999).
Studies suggest that chronic caffeine exposure may be beneficial in many neuropsychiatric
disorders like Alzheimer’s and Parkinson’s diseases (Souza et al., 2003; Ritchie et al., 2007)
due to slow cognitive decline promoted by caffeine (Cunha and Agostinho, 2010). For
instance, mice exposed to caffeine show better cognitive test results and reduced levels of
β-amyloid in their brains (Dall’Igna et al., 2007; Cao et al., 2009). Caffeine also seems to
prevent avoidance memory impairment in rats (Gevaerd et al., 2001). In worms, caffeine
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reduces the level of β-amyloid aggregation in transgenic strains
expressing the peptide in muscle cells and partly reverses
induced-paralyzes (Dostal et al., 2010). In humans, caffeine
intake was inversely related to chronic diseases such as diabetes,
inflammatory diseases, and stroke (Freedman et al., 2012).
However, caffeine intake has also been suggested to cause
side effects such as fetal growth restriction, late miscarriage,
increased risk of osteoporosis, and anxiety (Lara, 2010; Fitt
et al., 2013). In spite of its presence on daily-life and
ascribed potential as a modulator of aging, the molecular
mechanisms through which caffeine interacts remains largely
unclear.
Caenorhabditis elegans (C. elegans) has emerged as one of
the most powerful systems to study aging (Klass, 1977; Hsin
and Kenyon, 1999; Corsi, 2006). Studies have uncovered many
genes interfering with the aging process in worms. Usually the
ascribed function of these genes are related to stress-response
pathways and energy homeostasis (Kenyon, 2010b). For instance,
the gene daf-2 codes for the worms’ insulin receptor orthologue
and function in response to changes in food availability and
stress situations (Kenyon et al., 1993; Murphy et al., 2003).
Also, studies have shown that loss-of-function mutations in
daf-2 increases worms’ lifespan (Kenyon et al., 1993; Kimura
et al., 1997). This is partly because the disruption of DAF-2
releases the transcription factor DAF-16 to the nucleus allowing
for increased expression of many genes related to resilience
(Kimura et al., 1997; Hsu et al., 2003; Samuelson et al., 2007;
Tullet et al., 2008; Kenyon, 2010b). In addition to DAF-16, other
transcription factors have their function modified by DAF-2,
such as SKN-1, HSF-1 and PQN-1 (Kimura et al., 1997; Hsu
et al., 2003; Samuelson et al., 2007; Kenyon, 2010b; Bansal et al.,
2014).
Given the high levels of caffeine’s consumption worldwide
and its potential as a determinant of a healthy aging (Freedman
et al., 2012), we aimed to evaluate whether and how caffeine
influences the aging process using the nematode C. elegans.
We found that caffeine was able to extend worm’s lifespan. In
addition, worm’s increased lifespan was reversed by concurrent
exposure to adenosine, which suggests a common target
pathway. Furthermore, disruption of the insulin/IGF-1-like
pathway was able to lessen lifespan extension induced by
caffeine.
MATERIALS AND METHODS
Strains and Culture Conditions
C. elegans strains were cultured as described before (NGM).
The E. coli OP50 was used as food source (Brenner, 1974).
N2 Bristol was used as wild-type. The mutant strains used
in this study were: daf-16 (mu86) I outcrossed 12× to
our wild-type, daf-2 (e1370) III outcrossed 4X to our wild-
type and TJ356 (Is[daf-16P::daf-16::GFP; rol-6(su1006)]). All
strains were obtained from the Caenofrhabditis Genetics
Center. For all experiments, synchronized L1 populations
were acquired through hypochlorite treatment of gravid adults
(Barros et al., 2014).
Caffeine and Adenosine Treatments
Caffeine and adenosine (Sigma-Aldrich) were freshly dissolved
in deionized water and added into NGM after autoclaving. Plates
were prepared the day before use.
Lifespan Assay
Lifespan assays were performed on NGM plates at 20◦C (Kenyon
et al., 1993; Lin et al., 2001; Berman andKenyon, 2006). L1 worms
(day 0) were transferred to NGM plates supplemented with
caffeine and/or adenosine and/or vehicle for different periods of
time as stated in the figure legends.Worms were scored every day
or every other day, and those that failed to respond to a gentle
prodding with a platinum wire were scored as dead (Li et al.,
2008). Animals were transferred to new plates every other day
until they ceased laying eggs. After the end of the reproductive
period, worms were moved onto new plates once per week.
Development Assay
Worm developmental stage was evaluated every day until they
reached complete development (gravid adults). They were scored
as L1, L2, L3 or L4 larval stages, young adult (no eggs in uterus) or
adult (gravid adults) following body morphology criteria (Altun
and Hall, 2012).
Body Length
Body length was calculated by measuring the tip-to-tail length
of individual adult animals. Digital images were taken using a
stereomicroscope fitted with a camera and length measured with
NIS-Element AR 3 software (Nikon) (Gubert et al., 2013).
Brood Size Assays
Each wormwas allowed to lay eggs and transferred to fresh NGM
plate every 24 h until the egg laying period was finished. The
number of hatched wormswas counted after 48 h of incubation at
20◦C (Li et al., 2008) . Worms that crawled off the plate, exploded
or bagged were censored (Hsu et al., 2009). Twelve worms were
used for each treatment condition. The experiment was repeated
at least three times.
DAF-16 Localization Assay
DAF-16::GFP animals (Is[daf-16P::daf-16::GFP; rol-6(su1006)])
were cultured at 20◦C and imaged at L4 stage. Worms were
exposed to caffeine for different periods of time (30 min, 1, 2
and 48 h). Worms were mounted on slides with an agarose pad
and paralyzed with azide. Images were taken using a confocal
microscope system (Leica TCS SP5) with Leica Application
Suite Advanced Fluorescence (LAS AF). The relation between
fluorescence signal in nucleus and cytoplasm was quantified
using Image-J software (NIH). The average fluorescence from six
different cells per worm were calculated and used for analyzes
(Driver et al., 2013). Each experiment was repeated at least three
times and 12–17 worms per group were randomly selected in
each experiment.
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Statistical Analysis
Statistical analysis was performed using GraphPad Instat
(Version 5.0 for Macintosh OSX, GraphPad Software, San Diego,
CA, USA). The Kaplan-Meier method was applied to calculate
survival fractions and log-rank (Mantel-Cox) test was used to
compare survival curves. The Bonferroni’s post-test correction
was applied formultiple comparisons. Student’s t-test or one-way
Analysis of Variance (ANOVA) followed by Bonferroni post-
test was used to check for significant differences between means
for other comparisons. P-values lower than 0.05 were considered
significant.
RESULTS
Lower Concentration of Caffeine Increases
Worm’s Lifespan
To determine whether caffeine extends worm’s lifespan, we
exposed L1 wild-type worms to different caffeine concentrations
and measured how long they lived (Figure 1 and Table 1).
Caffeine increased worm’s lifespan in lower concentrations
while it exhibited an opposite effect at higher concentrations.
These results suggest that caffeine has a dual role on
worm’s lifespan and may point to a toxic effect at higher
concentrations.
FIGURE 1 | Exposure to caffeine increases lifespan of wild-type
worms. Survival curves of wild-type animals exposed to caffeine. Caffeine’s
treatment results in lifespan extension at 5 and 15 mM. At higher
concentrations (30, 45 and 60 mM), caffeine reduces worm’s life expectancy.
p < 0.0001 for each condition compared to control. The experiment was
performed at least three times. Additional information see Table 1.
TABLE 1 | Lifespan of wild-type worms exposed to caffeine.
Genotype Caffeine Median lifespan Number of P value
(mM) (days) animals (n)/censored vs. control
Wild-type – 15 189/33
5 27 189/22 <0.0001
15 31 194/87 <0.0001
30 10 176/14 <0.0001
45 2 178/0 <0.0001
60 1 181/0 <0.0001
Caffeine Delays Larval Development
Previous studies have suggested that aging is a process that
starts early in life (Britton et al., 2008; Felix et al., 2013).
For instance, premature stressful events in humans may have
adverse outcomes later in life (Wahlbeck et al., 2001; Caraci
et al., 2010; Saczynski et al., 2010). In C. elegans, events during
larval development also have effects on lifespan. Overcrowding,
fasting and other adverse conditions are capable to active an
alternative development pathway, called dauer that is remarkable
resistant (Golden and Riddle, 1984). To determine whether
caffeine exposure increases lifespan through disruption of larval
development, worms were exposed to caffeine and their larval
development evaluated until adulthood (Figure 2). Caffeine
disrupted larval development. Wild-type animals achieved adult
stage at the third day of life while worms exposed to caffeine
delayed their larval development in a dose-dependent manner.
Noteworthy, worms exposed to high concentrations of caffeine
had an accentuated delay in their larval development and at the
highest concentrations, did not develop beyond the first larval
stage and died after a couple of days. This outcome suggests
that caffeine is toxic at higher concentrations, as reported
in the previous study (Min et al., 2015), in agreement with
the reduction in lifespan of worms exposed to higher levels
of it.
Caffeine Induced Lifespan Extension
Requires Lifelong Exposure
Many studies suggest that lifespan is affected by numerous
processes (Partridge and Gems, 2002; Kenyon, 2010b). Also, our
results suggest that caffeine disrupts larval development process.
With this in mind, one possible explanation for caffeine-induced
increase in lifespan may be that the adult stage is reached later
in animals exposed to caffeine. Additionally, it is possible that
caffeine may interfere with lifespan-extending processes that take
place during larval development. To verify whether caffeine’s
lifespan extension results exclusively through its exposure during
larval development, worms were treated with caffeine at different
larval stages and lifespan measured (Figure 3 and Table 2). We
chose 5 mM caffeine to perform further experiments because
it increases lifespan and does not halt development. Worms
showed similar lifespan to controls when exposed to caffeine
only during larval development or starting after adult stage was
reached. Therefore, caffeine’s lifespan extension requires lifelong
exposure at 5 mM.
Caffeine Reduces Worm’s Size and Egg
Production
Previous studies suggest that processes that require generous
amounts of energy have a significant impact on lifespan.
For instance, animals that reproduce less or have its energy
stores consumed slowly shows an increase lifespan (Arantes-
Oliveira et al., 2002). Therefore, caffeine may extend lifespan
by interfering with aspects related to energy expenditure. To
evaluate whether caffeine has influence on these process, growth
and reproduction were measured (Figure 4). Caffeine exposure
reduced the mean body length of adult worms. Assuming that
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FIGURE 2 | Caffeine disrupts normal larval development. (A–C) Caffeine delays larval development. L1 wild-type worms exposed to caffeine require longer time
to achieve adult stage. (A) Control worms reach adult stage within 3 days (n = 131 worms). (B) Worms exposed to 5 mM caffeine need 4 days to complete
development (n = 136 worms). (C) Worms exposed to 15 mM caffeine exhibited a larger delay on larval development (n = 126 worms). The experiment was
performed three times at 20◦C.
increased energy is required to maintain larger worms, it is
possible that reduced body length may influence, somehow,
caffeine induced lifespan extension. However, the reduction
in body size resulted from contact with caffeine during larval
development and lifespan extension requires caffeine exposure
throughout worm’s life. Caffeine also disrupted worm’s egg
production. Similar to body’s length, egg production is an
energy costly process (Mukhopadhyay and Tissenbaum, 2007).
Moreover, pharyngeal pumping and defecation behavior were
also assessed in worms exposed to caffeine, however, there were
no significant difference compared to control group (data not
FIGURE 3 | Lifespan extension requires lifelong caffeine exposure.
Survival curves of wild-type worms exposed to 5 mM caffeine for different
periods. Worms exposed to caffeine from L1 until L4 larval stage or from adult
until death had lifespan similar to control animals, p = 0.0885 and p = 0.9157,
respectively. Worms lifelong exposed to caffeine showed an increased lifespan
compared to control group p < 0.0001. Experiment was performed three
times. For additional information see Table 2.
shown). Our results point to multiple behaviors under influence
of caffeine and suggest that caffeine’s induced lifespan extension
is an outcome underpinned by them (López-Otín et al., 2013).
Caffeine Induced Lifespan Extension
Seems to be Partly Dependent on DAF-2
But Not on DAF-16
In worms, the insulin/IGF-1 signaling pathway is a major
molecular hub to mechanisms that influences lifespan (van
Heemst, 2010). Disruption of the daf-2 gene is linked to increases
in worm’s lifespan and stress resistance. It has been ascribed
to changes in the activity of many downstream targets that
mainly acts as transcription factors. To investigate whether
caffeine’s induced lifespan extension depends on insulin/IGF-1
pathway, loss-of-function mutants for both DAF-2 and DAF-16
were exposed to it and their lifespan evaluated (Figure 5
and Table 3). daf-2 mutants exposed to caffeine showed a
slight decrease in lifespan compared to vehicle-exposed controls
while daf-16 loss-of-function mutants showed an increased
life expectancy similar to that observed for wild-type animals
TABLE 2 | Lifespan of wild-type worms exposed to caffeine at different
stage and time-period.
Genotype Caffeine Treatment Median Number of P value
(mM) lifespan animals (n)/ vs.
(days) censored control
Wild-type 0 – 20 220/78
5 Entire lifetime 27 227/22 <0.0001
5 Adult 20 228/41 0.9157
5 L1–L4 20 224/48 0.0885
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FIGURE 4 | Caffeine reduces size and reproduction in wild-type worms. (A,B) Measurements of worm’s length and brood size. (A) Adult worms exposed to
5 mM caffeine from L1 larval stage have a reduced body length (top-to-tail) compared to control worms. The measurement was conducted when animals achieved
adult stage. Black and gray bars represent control and caffeine exposed animals, respectively. Data are showed as mean ± SD. ∗∗∗p < 0.0001 compared to control
animals, n = 12 worms per group. (B) Wild-type worms exposed to 5 mM caffeine show a sharp reduction on egg-laying compared to control animals. Black and
gray bars represent control and caffeine exposed animals. Data are shown as mean ± SD. ∗∗∗p < 0.0001 compared to control animals, n = 22–40 worms.
FIGURE 5 | Caffeine-induced lifespan extension is partly dependent on DAF-2 but not on DAF-16. (A,B) Survival curves of daf-2 and daf-16 mutants
lifelong exposed to caffeine. (A) daf-2 mutants had a longer lifespan phenotype compared to wild type. daf-2 mutants exposed to 5 mM caffeine had a slightly
decrease in lifespan. p = 0.0005, daf-2 control group compared to daf-2 animals exposed to caffeine. (B) daf-16 mutants exposed to 5 mM caffeine had an increase
in lifespan similar to wild-type worms. p < 0.0001, daf-16 control group compared to daf-16 group exposed to caffeine. Experiment was performed three times. For
additional information see Table 3.
(Figure 5). Taken together, these results suggest that DAF-2
is necessary for caffeine lifespan extension. Conversely, the
phenotype may result from the biologic viability extreme that
daf-2 animals experience and no further lifespan extension would
be possible. However, the lifespan reduction observed when daf-2
mutants were exposed to caffeine points to another direction.
Our data shows caffeine may increase or decrease lifespan
based on the treatment concentration employed. Therefore,
the slightly lifespan reduction observed in daf-2 mutants may
represent the toxic effect of caffeine at lower concentration.
This suggests that the increase in lifespan induced by caffeine
may be ascribed to a functional insulin/IGF-1-like signaling
pathway.
DAF-2 modulates downstream targets to ultimately
phosphorylates DAF-16. Phosphorylated DAF-16 is not
able to translocated from the cytoplasm to the nucleus, halting
its transcriptional activity. To further explore how caffeine
modulates the DAF-2 signaling pathway, a transgenic worm
expressing DAF-16 tagged with a green fluorescent protein
(GFP; Is[daf-16P::daf-16::GFP; rol-6(su1006)]) was subjected
to caffeine exposure and the subcellular location of DAF-16
TABLE 3 | Lifespan of wild-type, daf-2 (e1370) and daf-16 (mu86) worms
exposed to caffeine since L1.
Genotype Caffeine Median lifespan Number of P value
(mM) (days) animals (n) vs.
/censored control
Wild-type – 17 189/39
5 28 180/64 <0.0001
daf-2 (e1370) – 53 121/18
5 53 206/58 0.0005
Wild-type – 20 216/18
5 27 193/7 <0.0001
daf-16 (mu86) – 17 227/7
5 23 243/10 <0.0001
Frontiers in Aging Neuroscience | www.frontiersin.org 5 December 2015 | Volume 7 | Article 220
Bridi et al. Caffeine Increases Lifespan in C. elegans
analyzed over time. Animals exposed to caffeine from L1 to L4
larval stage showed a higher DAF-16::GFP nuclear/cytoplasm
fluorescence ratio than vehicle-treated worms. Curiously, L4
worms exposed to caffeine for shorter periods of time exhibited
a fluorescence ratio even higher (Figures 6A,B).
Adenosine Antagonizes Caffeine-Induced
Lifespan Extension and Brood Size
Reduction
In mammals, caffeine works as an adenosine receptor antagonist
(Cunha and Agostinho, 2010). Therefore, caffeine might interact
in worms with similar targets of those already known in
mammals. To verify this hypothesis, wild-type worms were
exposed to caffeine and/or adenosine and their lifespan
measured. Worms exposed to adenosine had a significantly
shorter median lifespan (Figure 7A and Table 4). Moreover,
wild-type worms exposed to both adenosine and caffeine,
adenosine was able to reverse caffeine-induced lifespan extension
in a concentration-dependent manner (Figures 7B–D and
Table 4). To gain insight about this interaction, worms also had
their reproduction assessed after exposure to caffeine and/or
adenosine (Figure 8). As expected, adenosine partly reversed
caffeine-induced reduction in egg-laying.
DISCUSSION
In this study, we demonstrated that caffeine increases lifespan of
the nematode C. elegans. Caffeine also interfered with the worm’s
reproduction, size and development. It is unclear whether these
phenotypes result from the same molecular mechanism or
from distinct pathways. Our data suggest possible pathways
related to caffeine-induced phenotypes. We observed that DAF-2
signaling pathway is necessary for increase in lifespan induced by
caffeine. Moreover, caffeine was able to modify DAF-16 traffic
between nucleus and cytoplasm, supporting its modulatory role
over this canonical pathway. Furthermore, caffeine may interact
with targets similar to that in mammals. This is suggested
by the reversal of caffeine-induced phenotypes observed with
concurrently exposure to adenosine. It is well established that
these molecules interact antagonistically on purinergic receptors
and many of the effects of caffeine are mimicked by specific
antagonists of adenosine receptors (Fisone et al., 2004; Cunha
and Agostinho, 2010).
In recent years, the effects of caffeine on aging have been
extensively studied (Cunha and Agostinho, 2010). This is because
caffeine is one of the most widely consumed psychoactive
substance worldwide (Fredholm et al., 1999). Caffeine intake has
been associated with increased longevity in humans and animal
models (Lublin et al., 2011; Freedman et al., 2012). However, the
mechanisms underlying this phenotype are not well established.
Caffeine-induced lifespan extension has been previously reported
in worms (Lublin et al., 2011; Sutphin et al., 2012). A recent
study has shown that caffeine’s increases lifespan of adult worms
(Sutphin et al., 2012). We were not able to replicate this data.
In our experimental conditions, worms had to be exposed to
caffeine from L1 larval stage in order to observe increase in
lifespan. Therefore, caffeine exposure has different outcomes
dependent on the conditions, dose and length of exposure.
Aging is a complex process that starts early in life (Britton
et al., 2008; Felix et al., 2013). Studies have shown that
factors such as birth rate and stressful environments are
FIGURE 6 | Acute caffeine exposure translocates DAF-16 to nucleus. (A,B) Caffeine’s exposition for a short period of time translocates DAF-16 from
cytoplasm to nucleus. (A) Representative images of worms from the same experimental group and larval stage and (B) fluorescence quantification of daf-16::gfp
animals exposed to 5 mM caffeine during different time points. Black bar and gray bars represent control and 5 mM caffeine exposure, respectively. Data are showed
as mean ± SD from six random cells from each worm. ∗p < 0.05 and ∗∗∗p < 0.0001, caffeine exposed animals compared to control animals. #p < 0.0001 animals
exposed to caffeine for 30 min and 1 h compared to 48 h exposed animals. n = 12–17 worms were evaluated in each group.
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FIGURE 7 | Adenosine partially antagonizes caffeine’s lifespan increase. (A–D) Survival curves of wild-type animals exposed to caffeine and/or adenosine.
(A) Animals exposed to different concentrations of adenosine. 10 mM adenosine reduced worm’s lifespan. p < 0.0001, 10 mM adenosine exposed animals
compared to control animals. (B–D) Adenosine partly reversed worm’s lifespan extension caffeine-induced. For p-values and n please see Table 4. Experiment was
performed three times.
important determinants of healthy aging and may result
in adverse outcomes late in life (Wahlbeck et al., 2001;
Colman et al., 2009; Caraci et al., 2010; Saczynski et al.,
2010). One explanation is that energetic costly events like
these may result in adverse conditions such as increased
production of reactive oxygen species (Speakman, 2005). As
stated before, worms’ larval development has remarkable
effects on lifespan. Therefore, worm’s lifespan seems to result
from processes that happen during the entirely life cycle.
Another example is clk mutants worms, which are deficient
in enzyme involved in the synthesis of ubiquinone. These
worms are characterized by slow physiologic rates, delayed
larval development, decreased brood size and increased lifespan
(Hansen et al., 2005; Van Raamsdonk et al., 2010). This suggests
that increased lifespan may be achieved by decreasing energy
expenditure throughout life (Van Raamsdonk et al., 2010). In
worms, reproduction, larval development and body size are
energetic costly and may influence lifespan (Arantes-Oliveira
et al., 2002; Jia et al., 2004; Mukhopadhyay and Tissenbaum,
2007). As a result, it is possible that the ability of caffeine
to disrupt these processes may affect life expectancy as a
whole.
In worms, many genes have been linked to increased
longevity (Kenyon, 2010b). Insulin/IGF-1-like signaling is a well-
established pathway that regulates aging. It regulates several
cellular processes responsible for oxidative stress resistance,
immunity and energy balance (Amrit and May, 2010). Loss-of-
functionmutations in daf-2 increase lifespan in part by activation
of the transcription factor DAF-16, a member of the FOXO
family (Kimura et al., 1997; Kenyon, 2010a). Caffeine-induced
TABLE 4 | Lifespan of wild-type worms exposed to caffeine and/ adenosine since L1.
Genotype Caffeine Adenosine Median lifespan Number of animals (n) P value vs. P value P value vs.
(mM) (mM) (days) /censored control vs. 5C Adenosine
Wild-type – – 20 163/26
5 – 31 174/17 <0.0001
– 1 22 174/40 0.5304
– 5 22 136/10 0.0847
– 10 15 195/10 <0.0001
5 1 29 162/15 <0.0001 0.8621 <0.0001
5 5 27 187/25 <0.0001 0.0001 <0.0001
5 10 20 163/42 0.3993 <0.0001 <0.0001
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FIGURE 8 | Adenosine partially reverses caffeine’s brood size reduction. (A,B) Quantitation of egg-laying phenotypes of animals exposed to caffeine and/or
adenosine. (A) Adenosine partially reversed brood size reduction induced by caffeine. Each color represents one condition. Data are showed as mean of 12 animals
per group ± SD. ∗∗∗p < 0.0001 compared to control group. #p < 0.001 compared to 5 mM caffeine group. &p < 0.0001 compared to 10 mM adenosine group.
(B) Distribution of offspring through fertile period of wild-type worms exposed to caffeine and/or adenosine.
lifespan extension was dependent on insulin/IGF-1 signaling
pathway. daf-2 mutants showed no increase in lifespan after
exposure to caffeine. This suggests that caffeine may extend
lifespan through downregulation of insulin/IGF-1-like signaling
pathway. Remarkable, this mechanism is similar to that observed
in long-lived daf-2 mutants. In a short time-frame, caffeine
exposure significantly increased DAF-16 levels in the nucleus.
This further suggests that caffeine inhibits the insulin/IGF-
1 pathway. However, DAF-16 was not essential for caffeine
induced lifespan extension. In fact, studies have showed that
DAF-16 transcriptional activity is not sufficient to extend
lifespan. For example, worms bearing mutated DAF-16 that
constitutively localizes in the nucleus have similar control’s
lifespan (Lin et al., 2001; Berman and Kenyon, 2006). Therefore,
caffeine-induced lifespan extension is partly dependent on
insulin/IGF-1 signaling pathway but not through modulation
of DAF-16 transcriptional factor. This is in disagreement with
previously published studies (Lublin et al., 2011; Sutphin et al.,
2012). They have showed that caffeine does not increased lifespan
of daf-16 mutant strains, thus, demonstrating that it is acting
through DAF-16 to promote extension of longevity. These may
result from different experimental conditions. For instance, we
have used a daf-16 (mu86) strain that was outcrossed to our wild-
type twelve times. This procedure has been shown to be crucial
for experiments with this strain, possibly because of close linked
mutations (Lin et al., 2001).Moreover, in our experiments worms
were exposed to caffeine from the first larval stage to end of their
lives while in previous studies exposure started in adult stage.
Even though insulin/IGF-1-like signaling pathway results
ultimately in AKT-dependent phosphorylation of DAF-16, other
transcriptional factors such as SKN-1 and HSF-1 (Murphy and
Hu, 2013) could potentially be modulated by caffeine’s exposure
and thereby, cooperating to this increase in lifespan.
Studies have showed that blockage of adenosine A2A
receptors by caffeine may attenuate damage caused by amyloid
peptide. In addition, long-term caffeine administration protects
Aβ-expressing transgenic mice against cognitive impairment.
Furthermore, blockade of A2A receptors has been shown to
exert neuroprotective action during cerebral ischemia (Chen
et al., 1999). We found that adenosine reduces lifespan extension
induced by caffeine and partially recover the caffeine-induced
decline in brood size. Taken together, our data suggest a common
molecular target. This pharmacological approach sheds light
on a participation of adenosine signaling in the extension
of lifespan. This is supported by experiments in Drosophila
melanogaster, where components of the purinergic system have
been demonstrated to be involved in adult lifespan (Stenesen
et al., 2013). In conclusion, the present study demonstrates
that caffeine exhibits a remarkable influence over C. elegans
lifespan. Further studies are necessary for further elucidation of
the molecular mechanisms by which caffeine modulates lifespan.
This may disclose new genetic determinants of aging.
ACKNOWLEDGMENTS
We are very grateful to all members of the Romano-Silva Lab who
contributed to this study and to Alan Stepto from King’s College
London for his contribution to language improvement of this
work. This work was funded by INCT-MM grants’ FAPEMIG
CBB-APQ-00075-09, CNPq 573646/2008-2, and CAPES.
REFERENCES
Altun, Z. F. and Hall, D. H. (2012). Handbook of C. elegans Anatomy
WormAtlas. Available online at: http://www.wormatlas.org/hermaphrodite
/hermaphroditehomepage.htm
Amrit, F. R., and May, R. (2010). Younger for longer: Insulin signalling, immunity
and ageing. Curr. Aging Sci. 3, 166–176. doi: 10.2174/1874609811003030166
Arantes-Oliveira, N., Apfeld, J., Dillin, A., and Kenyon, C. (2002). Regulation
of life-span by germ-line stem cells in Caenorhabditis elegans. Science 295,
502–505. doi: 10.1126/science.1065768
Bansal, A., Kwon, E. S., Conte, D., Liu, H., Gilchrist, M. J., MacNeil,
L. T., et al. (2014). Transcriptional regulation of Caenorhabditis elegans
FOXO/DAF-16 modulates lifespan. Longev. Heal. 3:5. doi: 10.1186/2046-
2395-3-5
Frontiers in Aging Neuroscience | www.frontiersin.org 8 December 2015 | Volume 7 | Article 220
Bridi et al. Caffeine Increases Lifespan in C. elegans
Barros, A. G., Bridi, J. C., de Souza, B. R., de Castro Júnior, C., de Lima Torres,
K. C., Malard, L., et al. (2014). Dopamine signaling regulates fat content
through β-oxidation in Caenorhabditis elegans. PLoS One 9:e85874. doi: 10.
1371/journal.pone.0085874
Berman, J. R., and Kenyon, C. (2006). Germ-cell loss extends C. elegans life span
through regulation of DAF-16 by kri-1 and lipophilic-hormone signaling. Cell
124, 1055–1068. doi: 10.1016/j.cell.2006.01.039
Brenner, S. (1974). The genetics of Caenorhabditis elegans. Genetics 77, 71–94.
Britton, A., Shipley, M., Singh-Manoux, A., and Marmot, M. G. (2008). Successful
aging: the contribution of early-life and midlife risk factors. J. Am. Geriatr. Soc.
56, 1098–1105. doi: 10.1111/j.1532-5415.2008.01740.x
Cao, C., Cirrito, J. R., Lin, X., Wang, L., Verges, D. K., Dickson, A., et al. (2009).
Caffeine suppresses β-amyloid levels in plasma and brain of Alzheimer’s
transgenic mice. J. Alzheimers Dis. 17, 681–697. doi: 10.3233/jad-2009-1071
Caraci, F., Copani, A., Nicoletti, F., and Drago, F. (2010). Depression and
Alzheimer’s disease: neurobiological links and common pharmacological
targets. Eur. J. Pharmacol. 626, 64–71. doi: 10.1016/j.ejphar.2009.10.022
Chen, J. F., Huang, Z., Ma, J., Zhu, J., Moratalla, R., Standaert, D., et al.
(1999). A(2A) adenosine receptor deficiency attenuates brain injury induced
by transient focal ischemia in mice. J. Neurosci. 19, 9192–9200.
Colman, R. J., Anderson, R. M., Johnson, S. C., Kastman, E. K., Kosmatka,
K. J., Beasley, T. M., et al. (2009). Caloric restriction delays disease onset
and mortality in rhesus monkeys. Science 325, 201–204. doi: 10.1126/science.
1173635
Corsi, A. K. (2006). A biochemist’s guide toCaenorhabditis elegans.Anal. Biochem.
359, 1–17. doi: 10.1016/j.ab.2006.07.033
Cunha, R. A., and Agostinho, P. M. (2010). Chronic caffeine consumption
prevents memory disturbance in different animal models of memory decline.
J. Alzheimers. Dis. 20, S95–S116. doi: 10.3233/jad-2010-1408
Dall’Igna, O. P., Fett, P., Gomes, M. W., Souza, D. O., Cunha, R. A., and Lara,
D. R. (2007). Caffeine and adenosine A(2a) receptor antagonists prevent beta-
amyloid (25-35)-induced cognitive deficits in mice. Exp. Neurol. 203, 241–245.
doi: 10.1016/j.expneurol.2006.08.008
Dostal, V., Roberts, C., and Link, C. D. (2010). Genetic mechanisms of coffee
extract protection in a Caenorhabditis elegans model of β-amyloid peptide
toxicity. Genetics 186, 857–866. doi: 10.1534/genetics.110.120436
Driver, R. J., Lamb, A. L., Wyner, A. J., and Raizen, D. M. (2013). DAF-16/FOXO
regulates homeostasis of essential sleep-like behavior during larval transitions
in C elegans. Curr. Biol. 23, 501–506. doi: 10.1016/j.cub.2013.02.009
Felix, J. F., Voortman, T., van den Hooven, E. H., Sajjad, A., Leermakers, E. T. M.,
Tharner, A., et al. (2013). Health in children: A conceptual framework for use
in healthy ageing research.Maturitas 77, 47–51. doi: 10.1016/j.maturitas.2013.
09.011
Fisone, G., Borgkvist, A., and Usiello, A. (2004). Caffeine as a psychomotor
stimulant: mechanism of action. Cell. Mol. Life Sci. 61, 857–872. doi: 10.
1007/s00018-003-3269-3
Fitt, E., Pell, D., and Cole, D. (2013). Assessing caffeine intake in the United
Kingdom diet. Food Chem. 140, 421–426. doi: 10.1016/j.foodchem.2012.
07.092
Fredholm, B. B. (2012). How drugs can stimulate psychic functions - using caffeine
as an example. Eur. Rev. 20, 316–323. doi: 10.1017/s1062798711000573
Fredholm, B. B., Bättig, K., Holmén, J., Nehlig, A., and Zvartau, E. E. (1999).
Actions of caffeine in the brain with special reference to factors that contribute
to its widespread use. Pharmacol. Rev. 51, 83–133.
Freedman, N. D., Park, Y., Abnet, C. C., Hollenbeck, A. R., and Sinha, R. (2012).
Association of coffee drinking with total and cause-specific mortality. N. Engl.
J. Med. 366, 1891–1904. doi: 10.1056/nejmoa1112010
Gevaerd, M. S., Takahashi, R. N., Silveira, R., da Cunha, C., and Cie, F.
(2001). Caffeine reverses the memory disruption induced by intra-nigral
MPTP-injection in rats. Brain Res. Bull. 55, 101–106. doi: 10.1016/s0361-
9230(01)00501-9
Golden, J. W., and Riddle, D. L. (1984). The Caenorhabditis elegans dauer larva:
Developmental effects of pheromone, food and temperature. Dev. Biol. 102,
368–378. doi: 10.1016/0012-1606(84)90201-x
Gubert, P., Aguiar, G. C., Mourão, T., Bridi, J. C., Barros, A. G., Soares, F. A.,
et al. (2013). Behavioral and metabolic effects of the atypical antipsychotic
ziprasidone on the nematode Caenorhabditis elegans. PLoS One 8:e74780.
doi: 10.1371/journal.pone.0074780
Hansen, M., Hsu, A. L., Dillin, A., and Kenyon, C. (2005). New genes tied to
endocrine, metabolic and dietary regulation of lifespan from a Caenorhabditis
elegans genomic RNAi screen. PLoS Genet. 1, 119–128. doi: 10.1371/journal.
pgen.0010017
Hsin, H., and Kenyon, C. (1999). Signals from the reproductive system regulate the
lifespan of C . elegans animal is extended. Our findings suggest that germline
signals act. Nature 399, 362–366.
Hsu, A., Feng, Z., Hsieh, M., and Xu, X. (2009). Identification by machine vision of
the rate of motor activity decline as a lifespan predictor in C. elegans.Neurobiol.
Aging 30, 1498–1503. doi: 10.1016/j.neurobiolaging.2007.12.007
Hsu, A. L., Murphy, C. T., and Kenyon, C. (2003). Regulation of aging and age-
related disease by DAF-16 and heat-shock factor. Science 300, 1142–1145.
doi: 10.1126/science.1083701
Jia, K., Chen, D., and Riddle, D. L. (2004). The TOR pathway interacts with
the insulin signaling pathway to regulate C. elegans larval development,
metabolism and life span. Development 131, 3897–3906. doi: 10.1242/
dev.01255
Kenyon, C. (2010a). A pathway that links reproductive status to lifespan in
Caenorhabditis elegans.Ann. N Y Acad. Sci. 1204, 156–162. doi: 10.1111/j.1749-
6632.2010.05640.x
Kenyon, C., Chang, J., Gensch, E., Rudner, A., and Tabtiang, R. (1993). AC. elegans
mutant that lives twice as long as wild type. Nature 366, 461–464. Available
online at: http://www.nature.com/ng/journal/v5/n3/abs/ng1193–225.html
[Accessed November 16, 2013]. doi: 10.1038/366461a0
Kenyon, C. J. (2010b). The genetics of ageing. Nature 464, 504–512. doi: 10.
1038/nature08980
Kimura, K. D., Tissenbaum, H. A., Liu, Y., and Ruvkun, G. (1997). Daf-2,
an insulin receptor-like gene that regulates longevity and diapause in
Caenorhabditis elegans. Science 277, 942–946. doi: 10.1126/science.277.
5328.942
Klass, M. R. (1977). Aging in the nematode Caenorhabditis elegans: major
biological and environmental factors influencing life span. Mech. Ageing Dev.
6, 413–429. doi: 10.1016/0047-6374(77)90043-4
Lara, D. R. (2010). Caffeine, mental health and psychiatric disorders. J. Alzheimer’s
Dis. 20, S239–S248. doi: 10.3233/jad-2010-1378
Li, J., Ebata, A., Dong, Y., Rizki, G., Iwata, T., and Lee, S. S. (2008). Caenorhabditis
elegansHCF-1 functions in longevity maintenance as a DAF-16 regulator. PLoS
Biol. 6:e233. doi: 10.1371/journal.pbio.0060233
Lin, K., Hsin, H., Libina, N., and Kenyon, C. (2001). Regulation of the
Caenorhabditis elegans longevity protein DAF-16 by insulin/IGF-1 and
germline signaling. Nat. Genet. 28, 139–145. doi: 10.1100/tsw.2001.23.225
López-Otín, C., Blasco, M. A., Partridge, L., Serrano, M., and Kroemer, G. (2013).
The hallmarks of aging. Cell 153, 1194–1217. doi: 10.1016/j.cell.2013.05.039
Lublin, A., Isoda, F., Patel, H., Yen, K., Nguyen, L., Hajje, D., et al. (2011). FDA-
approved drugs that protect mammalian neurons from glucose toxicity slow
aging dependent on cbp and protect against proteotoxicity. PLoS One 6:e27762.
doi: 10.1371/journal.pone.0027762
Min, H., Kawasaki, I., Gong, J., and Shim, Y. H. (2015). Caffeine induces high
expression of cyp-35A family genes and inhibits the early larval development
in Caenorhabditis elegans. Mol. Cells 38, 236–242. doi: 10.14348/molcells.
2015.2282
Mukhopadhyay, A., and Tissenbaum, H. A. (2007). Reproduction and longevity:
secrets revealed by C. elegans. Trends Cell Biol. 17, 65–71. doi: 10.1016/j.tcb.
2006.12.004
Murphy, C. T., and Hu, P. J. (2013). Insulin/insulin-like growth factor signaling in
C. elegans.WormBook. doi: 10.1895/wormbook.1.164.1 [Epub ahead of print].
Murphy, C. T., McCarroll, S. A., Bargmann, C. I., Fraser, A., Kamath, R. S.,
Ahringer, J., et al. (2003). Genes that act downstream of DAF-16 to influence
the lifespan of Caenorhabditis elegans. Nature 424, 277–283. doi: 10.3410/f.
1014552.193905
Partridge, L., and Gems, D. (2002). Mechanisms of ageing: public or private? Nat.
Rev. Genet. 3, 165–175. doi: 10.1038/nrg753
Ritchie, K., Carrière, I., de Mendonca, A., Portet, F., Dartigues, J. F., Rouaud, O.,
et al. (2007). The neuroprotective effects of caffeine: a prospective population
study (the Three City Study). Neurology 69, 536–545. doi: 10.1212/01.wnl.
0000266670.35219.0c
Saczynski, J. S., Beiser, A., Seshadri, S., Auerbach, S., Wolf, P. A., and Au,
R. (2010). Depressive symptoms and risk of dementia: the Framingham
Frontiers in Aging Neuroscience | www.frontiersin.org 9 December 2015 | Volume 7 | Article 220
Bridi et al. Caffeine Increases Lifespan in C. elegans
Heart Study. Neurology 75, 35–41. doi: 10.1212/wnl.0b013e3181
e62138
Samuelson, A. V., Carr, C. E., and Ruvkun, G. (2007). Gene activities that mediate
increased life span of C. elegans insulin-like signaling mutants. Genes. Dev. 21,
2976–2994. doi: 10.1101/gad.1588907
Souza, D. O., Cunha, R. A., Dall, O. P., Porciu, L. O., and Lara, D. R. (2003).
Neuroprotection by caffeine and adenosine A 2A receptor blockade of b -
amyloid neurotoxicity. Br. J. Pharmacol. 138, 1207–1209. doi: 10.1038/sj.bjp.
0705185
Speakman, J. R. (2005). Body size, energy metabolism and lifespan. J. Exp. Biol.
208, 1717–1730. doi: 10.1242/jeb.01556
Stenesen, D., Suh, J. M., Seo, J., Yu, K., Lee, K. S., Kim, J. S., et al. (2013). Adenosine
nucleotide biosynthesis and AMPK regulate adult life span and mediate the
longevity benefit of caloric restriction in flies. Cell Metab. 17, 101–112. doi: 10.
1016/j.cmet.2012.12.006
Sutphin, G. L., Bishop, E., Yanos, M. E., Moller, R. M., and Kaeberlein,
M. (2012). Caffeine extends life span, improves healthspan and delays
age-associated pathology in Caenorhabditis elegans. Longev. Healthspan 1:9.
doi: 10.1186/2046-2395-1-9
Tullet, J. M., Hertweck, M., An, J. H., Baker, J., Hwang, J. Y., Liu, S., et al.
(2008). Direct inhibition of the longevity-promoting factor SKN-1 by insulin-
like signaling in C. elegans. Cell 132, 1025–1038. doi: 10.1016/j.cell.2008.01.030
van Heemst, D. (2010). Insulin, IGF-1 and longevity. Aging and Disease 1,
147–157.
Van Raamsdonk, J. M., Meng, Y., Camp, D., Yang, W., Jia, X., Bénard, C.,
et al. (2010). Decreased energy metabolism extends life span in Caenorhabditis
elegans without reducing oxidative damage. Genetics 185, 559–571. doi: 10.
1534/genetics.110.115378
Wahlbeck, K., Forsén, T., Osmond, C., Barker, D. J., and Eriksson, J. G. (2001).
Association of schizophrenia with low maternal body mass index, small size at
birth and thinness during childhood. Arch. Gen. Psychiatry 58, 48–52. doi: 10.
1001/archpsyc.58.1.48
Conflict of Interest Statement: The authors declare that the research was
conducted in the absence of any commercial or financial relationships that could
be construed as a potential conflict of interest.
Copyright © 2015 Bridi, Barros, Sampaio, Ferreira, Antunes Soares and Romano-
Silva. This is an open-access article distributed under the terms of the Creative
Commons Attribution License (CC BY). The use, distribution and reproduction in
other forums is permitted, provided the original author(s) or licensor are credited
and that the original publication in this journal is cited, in accordance with accepted
academic practice. No use, distribution or reproduction is permitted which does not
comply with these terms.
Frontiers in Aging Neuroscience | www.frontiersin.org 10 December 2015 | Volume 7 | Article 220
